Owing to the emerging impact of bioinformatics and computational biology, in this article, we present an overview of the history and current state of the research on this field in Latin America (LA). It will be difficult to cover without inequality all the efforts, initiatives and works that have happened for the past two decades in this vast region (that includes >19 million km 2 and >600 million people). Despite the difficulty, we have done an analytical search looking for publications in the field made by researchers from 19 LA countries in the past 25 years. In this way, we find that research in bioinformatics in this region should develop twice to approach the average world scientific production in the field. We also found some of the pioneering scientists who initiated and led bioinformatics in the region and were promoters of this new scientific field. Our analysis also reveals that spin-off began around some specific areas within the biomolecular sciences: studies on genomes (anchored in the new generation of deep sequencing technologies, followed by developments in proteomics) and studies on protein structures (supported by three-dimensional structural determination technologies and their computational advancement). Finally, we show that the contribution to this endeavour of the Iberoamerican Society for Bioinformatics, founded in Mexico in 2009, has been significant, as it is a leading forum to join efforts of many scientists from LA interested in promoting research, training and education in bioinformatics.
Introduction: genome biology, genomics and bioinformatics
As indicated in a report several years ago of the 'Latin American Genome Initiative': 'biological and medical sciences in this large American region were caught unprepared with the explosive development of genome biology with its concomitant use of high-throughput technologies, large scale database management, sophisticated genomic instrumentation and large consortiums collaborative research' [1] . In contrast, previous biological technologies, such as those developed during the genetic engineering revolution, were readily assimilated and successfully used by laboratories in the region. However, the genomic revolution only became real and effective in Latin America (LA) for research and academia about 15 years ago. Moreover, the omic-wide large-scale data analyses based in the development of original and newly generated bioinformatic tools did not start in a relevant way in LA up to the past decade (showing a lot of differences depending on the areas). Despite this general delay, significant efforts began earlier with the computational studies of some pioneering scientists. In this brief review, we describe the work of some of the research groups that were talented drivers in the first steps of the 'biocomputational revolution' in LA. Our analysis is based mainly on the search for scientific publications in the field, carried out by researchers from 19 LA countries in the past 25 years. Before entering our analysis, we want to indicate that this review is not pretending to ignore other relevant scientific areas related to computational biology (such as 'theoretical biology' or 'mathematical biology'), which have been working and producing interesting studies for many years. The point is that these areas are somewhat out of the focus of our study because we centred our review on the origin of data-driven computational biology and bioinformatics in LA.
Definition of a vast multinational region: Latin-and Ibero-America
To start, it is worth clarifying which is the multinational geographic region that is in the spotlight of our study. The region of the world that we are going to analyse, commonly called 'Latin America', is composed of 22 countries: Mexico in North America; Guatemala, Honduras, El Salvador, Nicaragua, Costa Rica and Panama in Central America; Cuba, Dominican Republic, Haiti and Puerto Rico in the Caribbean; and Colombia, Venezuela, Ecuador, Peru, Bolivia, Chile, French Guyana, Brazil, Paraguay, Argentina and Uruguay in South America. In fact, this region is similar to the international area of 'SoIBio' (http:// www.soibio.org/; Sociedad Iberoamericana de Bioinform atica, Iberoamerican Society for Bioinformatics). SoIBio is a scientific and professional society that aims to promote research and development of bioinformatics and computational biology in the international region of Ibero-America (that includes 22 countries). These are 20 countries that are part of LA (i.e. all the ones indicated above, but not Haiti and the French Guyana because they are French-speaking countries), plus two European countries: Spain and Portugal. SoIBio includes Spain and Portugal because they were founders of this scientific society, and several research teams from these countries worked on the development of SoIBio from the beginning. In fact, these two countries are usually considered part of IberoAmerica ('Ibero-America') for cultural and historical reasons in multiple international agreements. Despite being full members and founders of SoIBio, in this review, we do not include any data from Spain or Portugal, as we are investigating the development of bioinformatics only in LA.
Analysis of scientific publications on bioinformatics from 1991 to 2016
To have a profile of the scientific records that have been produced in LA in the area of bioinformatics or computational biology over the past 25 years (1991-2016), we have done a search in the reference database Web of Science (previously known as ISI JCR Web of Knowledge, http://webofknowledge.com/). In this analysis, we looked for original scientific articles published by researchers from any of the 19 LA countries included in SoIBio: Argentina, Bolivia, Brazil, Chile, Colombia, Costa Rica, Cuba, Dominican Republic, Ecuador, El Salvador, Guatemala, Honduras, Mexico, Nicaragua, Panama, Paraguay, Peru, Uruguay and Venezuela. As we indicated, we exclude from this investigation Portugal and Spain, as well as Puerto Rico (because it is not an independent country, and in many cases, it cannot be distinguished or separated from the United States).
To perform the bibliographic search, we used the following keywords: Bioinformatic* OR Computational Biology* OR Biological Database*. In this way, we found 2119 original research articles published between 1991 and 2016 that are assigned to these countries as shown in Figure 1A . Table  S1 ). All these numbers give a good estimation about the scientific production of LA in the field and show that Brazil is the most prolific producer in absolute numbers. Chile and Uruguay have the best productivity ratio, with a value per capita >10. In comparison with the rest of the world, the total world-wide production that we found in our search was 53 439 scientific articles published. On this figure, LA represents a 3.9% of such production, despite the fact that it represents about an 8.1% of the current world population (600/7400 ¼ 0.08 population ratio). In conclusion, it could be considered that the research on bioinformatics and computational biology in LA should still develop twice to become closer to the general world-wide scientific production in the field.
The numbers indicated above are calculated relative to the population of the countries, but it can be illustrative to analyse the productivity also considering the levels of expenditure on research in these LA countries. In this way, new calculations were made to obtain the number of articles published in the field of bioinformatics with respect to the population (per capita), and also relative to each country's expenditure on Research and Development (R&D). All the results of this analysis are included in Supplementary Table S1 and show a modulation in previous numbers that identifies the top five countries as those that also have the highest productivity in absolute numbers: Brazil, Mexico, Argentina, Chile and Colombia. In this way, Brazil shows to be productive, with a value of 8.11 articles per million people per unit of R&D expenditure. Mexico also shows now a productivity much closer to Brazil (with a value of 7.39). Argentina and Chile show lower productivity (3.52 and 4.56, respectively), but this is because of their higher level of R&D investment. On the contrary, the case of Colombia is interesting because it shows the highest value in this calculation (9.13), which comes from the fact that they have a fairly low level of investment in R&D (only a 0.23% of the gross domestic product, i.e. almost ten times lower than Brazil per capita), and this gives the effect of an apparent higher productivity. A similar anomalous effect also occurs with several small Central America countries (Guatemala, Honduras and Nicaragua; Supplementary Table S1) .
To explore the specific and recurrent topics that are behind the literature search done, we performed a word-cloud analysis on the titles of the top 500 most cited articles out of the set of 2119 papers found related to bioinformatics, computational biology or biological databases. The results of this analysis are presented in Figure 1B , which shows the most represented words in these titles (excluding general or ambiguous non-significant words). The cloud shows in blue the most abundant keywords that are the ones related to the search topic: bioinformatics, analysis, data, database, comparative, profiling, modelling, network, system, functional, marker, etc. Apart from these terms that are related to the methodologies used in bioinformatics, there are two other main groups of words that show two thematic tendencies: (i) one in green that represents the terms genomes, genomic, sequences, loci and DNA (in pale green) and gene, genes, expression, expressed, transcription and RNA (in dark green); (ii) another in orange that represents the terms protein, proteins, molecular, peptide, structures, proteome, etc. ( Figure 1B ). These groups of terms show the overrepresentation of some thematic trends that we discuss below.
Together to these main subjects, the analysis reveals that the investigations on genes, proteins and bioinformatics in LA have been focused in a group of organisms, mainly microbial or parasites associated to endemic diseases ( Figure 1C ). In this way, some microorganisms have been more extensively studied with biological and computational approaches: Acidithiobacillus ferrooxidans (studied mainly in Chile by the group of David S. Holmes and collaborators who performed most of the bioinformatic analyses in these studies) [2] [3] [4] [5] [6] ; Escherichia coli K12 (studied along the past 25 years in Mexico by the group of Julio Collado-Vides and collaborators) [7] [8] [9] [10] [11] [12] [13] ; Mycobacterium tuberculosis (studied by several groups from Brazil and Colombia, and by an international consortium led by the Institute Pasteur from Guadeluope, France) [14] [15] [16] . Most of the articles cited above, associated with studies on microorganisms, correspond to significant contributions on bioinformatics (including new computational methods, tools and developed resources). In fact, some of these publications have received >500 citations in peer-reviewed journals, showing the relevance of the work done.
There are two other organisms featured in our analysis ( Figure 1C ), which correspond to significant parasites of humans: the trematode Schistosoma mansoni that causes the schistosomiasis (a neglected tropical disease frequent in the Caribbean and in eastern South America), and the protozoan Trypanosoma cruzi that is the causative agent of Chagas disease. Groups from FIOCRUZ in Belo Horizonte (Brazil) and from the University of Sao Paulo (Brazil) participated in the bioinformatic studies on the genome of S. mansoni [17] [18] [19] . With respect to T. cruzi, relevant studies using bioinformatics have been performed from the National Universities of San Martin and La Plata (Argentina) [20] [21] [22] [23] . Of course, there are other publications and research articles related to human health that involved bioinformatic studies performed by groups in LA, but with the references presented, we have quoted some of the most relevant.
Research interactions and growth of bioinformatics in LA
Our investigation based on the analysis of the research publications done by scientists from LA from 1991 to 2016 also reveals the interactions between members of different countries that worked together and collaborated in the same publications. These data are presented in Figure 2A that shows a network built with the number of common publications reported for the 11 most prolific countries. The number of total articles from each country is indicated with a number inside the nodes, and the number of cooperative papers shared by authors from two different countries is indicated with a number on the edges of the network. This analysis shows that the closest collaboration has occurred so far between Argentina and Brazil, followed by Argentina and Mé xico. Brazil has links with all the other 10 represented countries (this is expected considering that it is the largest country in LA), but it is interesting to underline a close collaboration triangle Brazil-Argentina-Chile and another close binary interaction Mexico-Cuba.
Regarding the growth of the scientific productivity, Figure 2B shows a continuous increase especially from 2000 to 2016 with an acceleration in the past 4 years (from 2013 to 2016) when the number of articles related to bioinformatics overpass the threshold of 200. As indicated above, LA is still below the average world-wide scientific production in the field, but the growing rate is good and shows a relative improvement in the past 5 years.
SoIBio history and future prospects of bioinformatics in Ibero-America
In 2002, the Red Iberoamericana de Bioinformatica (RIB, Iberoamerican Network for Bioinformatics) was created as a first joint cooperative project in the region. The RIB started as a collaborative effort between several research groups that had some experience working in the field of bioinformatics and computational biology. This project was conducted by Oscar Grau, who was the leader of the EMBnet node in Argentina (http://www.embnet.org/) and who applied for financial support to build the network to the Spanish government, obtaining a grant for 3 years that allowed its formation. The main groups who formed this initiative were from Spain, Portugal and several LA countries (Argentina, Brazil, Chile, Mexico, Uruguay and Venezuela), and they organized a first meeting in Buenos Aires (Argentina) in 2002. Together with this funded network, several members and researchers from the region also discussed at that time the idea of setting up a more stable and broad collaborative initiative considering that 'regional networks for bioinformatics were going to be highly beneficial for capacity strengthening and cooperation, and for establishing productive interactions between scientists in the fields of biological and informatics sciences' [24] . In this way, they proposed the creation of a bioinformatics network for LA and the Caribbean (LACBioNet), but this proposal never achieved a real state.
Following the start-up and establishment of the RIB, a series of academic and scientific events were organized by the leaders of this network under the support of the grant that they obtained. In fact, between 2002 and 2008, this network promoted four scientific meetings on bioinformatics, which took place in Rio de Janeiro (Brazil), Cartagena de Indias (Colombia), M alaga (Spain) and Santiago (Chile). In 2003, the Iberoamerican Science and Technology Cooperation Program CYTED, (http://www.cyted.org/es/) provided official financial support to the RIB for five years, helping to the organization of such meetings and the development of more stable scientific collaborations between scientists from different countries within this region. Some initial examples of these research collaborations can be seen in the first publications on bioinformatics driven by the group of Rosana Chehin in Tucuman, Argentina [25, 26] .
As a consequence of all the collaborative work and positive interaction, at the end of the funded period of RIB, the idea of setting up an international scientific society was evolving, and it became mature and formal in 2009 in a specific meeting in Mexico where the SoIBio was founded [27] . SoIBio's central aim was to promote research and development on bioinformatics and computational biology in the international region of Iberoamerica that includes, as indicated above, 22 countries: Argentina, Bolivia, Brazil, Chile, Colombia, Costa Rica, Cuba, Dominican Republic, Ecuador, El Salvador, Guatemala, Honduras, Mexico, Nicaragua, Panama, Paraguay, Peru, Portugal, Puerto Rico, Spain, Uruguay and Venezuela.
With respect to the current action and future prospects, in the past 6 years, SoIbio has been active in promoting bioinformatics in LA by organizing an annual international meeting that congregates scientists from the region. These meetings help individuals, research groups and national societies who wish to initiate or expand their work in computational biology and bioinformatics, both at academic and professional level. The last three meetings organized by the Society have been in Belo Horizonte (Brazil), Rosario (Argentina) and Riviera Maya (Mexico); and the 2017 meeting will be in Cali (Colombia) (http:// ccbcol.org/). In 2016, SoIbio also participated in the organization of the International Society for Computational Biology (ISCB) meeting for LA in Buenos Aires (https://www.iscb.org/iscb-latin america2016), and it has a formal agreement with this International Society to be co-organizers of its meeting in LA every 2 years. The Society also has an active Web page (http:// www.soibio.org/) with >400 people registered, where most of the researchers are young (i.e. doctoral and postdoctoral) and have submitted their registration in the past 3 years. SoIBio also facilitates transnational exchange, collaboration, formation and development for issues and topics related to bioinformatics and computational biology. A recent example of this effective collaborative research can be seen in the publications derived from the last SoIBio International Conference (http:// icmexico2016.soibio.org/) in 2016 [28] [29] [30] . SoIBio is also a platform to interact and cooperate with other international societies and networks that work in the same field, and in this way, it is member affiliated to the Global Bioinformatics Network (EMBnet, formerly called European Molecular Biology Network, http://www.embnet.org/) and the ISCB (https://www. iscb.org/). All this collaborative work is reflected also in publications such us the one recently presented in PLoS Computational Biology to explain the roles and active values of a scientific society [31] .
Two major thematic trends: genome sequences and protein structures
Focusing now a little more on biological issues, our investigation reveals two major thematic trends that have been drivers and spin-offs for the expansion of bioinformatics in LA. The first thematic trend corresponds to the research focused on the characterization and mapping of new genomes, mostly anchored and supported by the introduction of new-generation high-throughput sequencing technologies (which had from the beginning a great need for computational analysis). Following the genomic studies, more recent work have driven this trend into the field of proteomics, which is a clear complement to the production and analysis of the genome-wide data. The second thematic scenario corresponds to the research focused on the molecular characterization of protein structures, obtained mainly through the application and use of biophysical techniques for the determination of three-dimensional (3D) structures at atomic resolution, such as X-ray crystallography (which also had a high demand for computational power and computational analysis).
To explain and illustrate how these two thematic scenarios were at the origins of bioinformatics, we describe the research trajectory of some scientists and research groups from LA that began to work in these fields. This analysis is not exhaustive and does not attempt to achieve complete coverage of all events, but tries to summarize some of the most referenced scientific papers published by pioneering groups that drove the progression of bioinformatics in the region.
Thematic Trend I: genomes, computational genomics and proteomics
In the first area, related to genomes and genomics, we can mention the work started in Mexico when the National Autonomous University of Mexico (UNAM, Universidad Nacional Aut onoma de In the CCG, it is worth mentioning the work in computational genomics and bioinformatics developed by Julio ColladoVides who, early in the 90s, used computational methods and tools to study gene regulation [32] . Dr Collado-Vides after a stay in United States moved to Cuernavaca setting up a research group focused on bacterial computational genomics [33] [34] [35] . Working in this area, he and colleagues participated in 1997 in the first full-genome sequence of E. coli K-12 [36] , and they developed two of the first public biological databases that were established in LA called RegulonDB [7] and EcoCyc [11] . Both databases have been later published in consecutive versions accumulating >1500 citations in scientific publications (Web of Science, http://webofknowledge.com/).
Along with this original work done in Mexico, studies on microbial genomes were also the thematic scenarios for other research groups and institutions in LA that soon began to develop computational biology and bioinformatic studies. Two illustrative examples of this are one institution from Brazil and another from Chile, together with the research groups and scientists who run them. The first is the Laboratory of Bioinformatics within the Laborat orio Nacional de Computac¸ão Cient ıfica (LABINFO, LNCC, http://www.labinfo.lncc.br/), which was created in Brazil in 2000, and incorporated Ana Tereza R. Vasconcelos as director-coordinator. Between 2000 and 2005, this laboratory developed relevant studies on bioinformatics [37] [38] [39] mainly applied to microbial genomics, including the sequencing of several new genomes [40] . The second group and institution that we present here is the Center of Bioinformatics and Genome Biology of the Fundaci on Ciencia and Vida and University of Andres Bello (CienciaVida-UNAB, Chile) that started with this name in 2005. In this institution, one of the most relevant groups working on bioinformatics and computational biology has been the one led by David S. Holmes who, as indicated above, developed important studies on microbial genomes [3] [4] [5] .
The analysis of the publications of LA groups also indicates that in the past decade, there is a tendency to move from computational genomics into proteomics. This is reflected in the participation of several scientists in important publications in the field of computational proteomics, such us the article of the PRIDE database in 2013 (The PRoteomics IDEntifications database) [41] , which has >800 citations, and where several young researchers from LA collaborated. In particular, in previous years, some groups from Cuba and Brazil developed significant bioinformatic software and tools for proteomic analyses. A good example is PatternLab, a tool for differential shotgun proteomics first published in 2008 by the group of Paulo C. Carvalho and collaborators that have received nearly 100 citations [42] , or other well-referenced tools also developed by this team from the Federal University of Rio de Janeiro (Brazil): GO-Explorer [43] and SEPro [44] . Another example is the work developed by the group from Gabriel Padron and collaborators of the Center for Genetic Engineering and Biotechnology in La Havana (Cuba), who built bioinformatic applications for the proteomic field such us SCAPE (a tool for the Selective CApture of PEptides in protein identification) [45] and several algorithms for in silico analysis of proteomic data [46, 47] .
Thematic Trend II: proteins, 3D structures and structural bioinformatics
In the second thematic area, we can mention the work done by Ram on Latorre de la Cruz (Santiago de Chile, 1941), who is a biochemist from Chile who worked many years in United States (in the Universities of Duke, Chicago and Harvard) and became a member of the US National Academy of Sciences. When Ram on Latorre came back to Chile, he started important biophysical studies mainly on ion channels producing a series of significant publications that included contributions in the field of structural bioinformatics [48] [49] [50] . This approach allowed the development of a relevant circle of new scientists interested in the analysis and study of the 3D structures of proteins using computational methods (such as structural dynamic simulations). In this group of researchers, we can find some of the most active scientists in computational biology like Danilo Gonzalez-Nilo who currently is director of the Center for Bioinformatics and Integrative Biology in the Universidad Andres Bello (Chile) [26, [51] [52] [53] .
Other younger groups in the region have also followed this track of structural bioinformatics and protein modeling, like the one developed by Francisco Melo in the Pontificia Universidad Cat olica de Chile. He started working in United States [54, 55] , but later developed important work in computational structural studies in Chile [56] [57] [58] . Finally, other scientists from Argentina have also done relevant work in the field of structural bioinformatics [59] [60] [61] . These teams are proactive for the field of bioinformatics participating in the recent development of their national societies, like A2B2C in Argentina (http://www.a2b2c. org.ar/), and also in the interaction with international societies (like ISCB and SoIBio). An interesting review about the initial development of computational biology research in Argentina was published 10 years ago [62] , and it presented a view that supports our current view of the field in this country. In the same way, another article in 2007 presented a deep overview of the state and development of computational biology in Brazil [63] , describing the history of the field in this country, the origin of the Brazilian Association for Bioinformatics and Computational Biology (AB3C, http://www.ab3c.org), that started in 2004, and the early achievements that were associated in many cases to genome-sequencing projects: like the one of the plant pathogen Xylella fastidiosa [64] or the genomes of several Xanthomonas pathogens [65] . The Xylella genome, published in Nature in 2000, was the first LA genome-sequencing project led by Joao Carlos Setubal and Joao Meidanis of the University of Sao Paulo (Brazil) [64] , who also wrote in 1997 a preliminary book entitled 'Introduction to Computational Molecular Biology', relevant to the field. This pioneering achievement in bioinformatics linked to genomic studies in Brazil has later continued with other sequencing projects, for example, the one of Anopheles darlingi (the malaria mosquito) published in 2013 [66] . Finally, in relation to the appearance and progress of bioinformatic research in other LA countries, a preliminary publication on the state of the art in Colombia was carried out in 2010 [67] . This article could not present many achievements, because the work done in the field was still preliminary, but it presented a hopeful scenario for bioinformatics in Colombia. As a step in this way, the Colombian Society for Bioinformatics and Computational Biology (Sociedad Colombiana de Bioinform atica y Biolog ıa Computacional, SC2B2, http://www.sc2b2.org/) was created in Medell ın in 2015.
Conclusion
Our analysis presents a revealing silhouette of the historical development of bioinformatics and computational biology in LA over the past two decades, based on the analysis of the original scientific articles published in the field between 1991 and 2016 by research groups of the region. It also shows that the main thematic trends within this research correspond to the production and analysis of genomic data followed by proteomic studies, as well as to structural bioinformatics studies. These research trends are not particularly unique to LA countries, and resemble world-wide growth around new life sciences technologies, but we note that in many cases, they focus on the microbial domain to study relevant pathogenic organisms related with diseases that have high prevalence in the region. Another observation from our analysis is the emergence in the past decade of several scientific societies dedicated to the promotion bioinformatics in LA, starting with SoIBio, that works internationally in most of the region, and followed by three national societies (AB3C in Brazil, A2B2C in Argentina and SC2B2 in Colombia) created in recent years to promote the work in their respective countries.
Taken together, the results are presented as a briefing since it is difficult to write a comprehensive review that may include all the significant achievements on bioinformatics in the vast region of LA. Despite this caution, our studies show information on the current state of the art and allow us to find some relevant trends observed in the literature, which are playing an influential role in the successful advancement of bioinformatics. The figures on publications and the recent creation of multiple scientific societies in the field also reveal a neat positive trend. These indicators of current agile growth do not negate that Latin American publication output in bioinformatics over the last 25 years is approximately half the world average, but they generate optimistic expectations of improvement. An accurate prediction of the future is difficult, but our analyses also indicate that the scientific and academic institutions in the region are rapidly increasing their interest in bioinformatics and computational biology in a similar way to other regions of the world.
Key Points
• Scientific publications on bioinformatics and computational biology carried out by researchers from 19 LA countries in the past 25 years reveal state of the art of this field in the region.
• Genome studies, proteomics and protein structures have been key topics driving bioinformatics in LA since the 1990s.
• Research on bioinformatics in LA should still develop twice to approach the average world scientific production in the field.
• SoIBio (Iberoamerican Society for Bioinformatics), founded in Mexico in 2009, is a leading forum for LA scientists interested in promoting research, training and education in bioinformatics.
• Three national societies (AB3C in Brazil, A2B2C in Argentina and SC2B2 in Colombia), created in recent years, promote bioinformatics and cooperate actively with SoIBio.
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